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This  report  describes  Geoscience’s  research  on  thermal  and  electrical 
conductivities  of  biological  fluids  and  tissues  for  the  Medicine  &  Dentistry  Branch 
of  the  Office  of  Naval  Research  (Contract  No.  4095(00),  A-l)  for  the  period  of 
April  1,  1964  to  March  31,  1965. 

Experimental  electrical  conductivities  of  human  gastric  juices,  urine  and 
bovine  aqueous  and  vitreous  humours  were  determined.  Special  cells  for  the  de¬ 
termination  of  electrical  conductivities  for  tissues  has  been  designed,  constructed, 
and  tested.  Experimental  measurements  of  the  electrical  conductivity  of  bovine  blood 
were  determined  as  a  function  of  hemolysis.  Changes  in  the  electrical  conductivity  of 
hemolyzed  blood  have  been  related  to  erythrocyte  damage. 

A  modified  thermal  conductivity  apparatus  was  used  to  measure  the  conduc¬ 
tivities  of  bovine  lung,  liver,  kidney,  brain,  bone  marrow,  and  aqueous  and  vitreous 

humour,  and  chicken  skin.  The  correlations  between  thermal  conductivity  and  physical 

.  # 

properties  of  biological  tissdbs  and  fluids  were  studied. 

Investigations  of  the  effect  of  freezing  bovine  liver  in  liquid  nitrogen  on  ther¬ 
mal  conductivity  have  been  conducted.  The  techniques  of  freezing  blood  in  liquid 
nitrogen  have  been  examined  Ifrso.  Cryogenically  frozen  and  stored  blood  samples 
from  the  Presbyterian  Medical  Center  in  San  Fancisco  were  thawed  and  electrical 
and  thermal  conductivity  measurements  were  made  and  the  results  analyzed. 
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I.  INTRODUCTION 

This  research  project  consists  of  the  determination  of  the  thermal  and  elec¬ 
trical  conductivities  of  biological  fluids  and  tissues  that  have  been  exposed  to  abnor¬ 
mal  physical  fields  such  as  temperature  and  radiation;  particular  emphasis  is  given  to 
cryogenic  temperature  exposure.  It  is  believed  that  morphological  and  biochemical 
alterations  in  biological  fluids  and  tissues  can  be  detected  by  measuring  resulting 
changes  in  thermal  and  particularly  electrical  properties.  The  objective  of  the  pro¬ 
gram  is  to  establish  the  relations  between  changes  in  the  physical  properties  of  bio¬ 
logical  specimens  and  the  physical  stresses  imposed  upon  them. 

The  thermal  conductivities  of  fluids  and  tissues  are  measured  using  specially 
constructed  apparatus.  The  electrical  conductivities  of  fluids  are  determined  with 
commercial  equipment;  the  electrical  conductivities  of  tissues  are  measured  utilizing 
a  specially  constructed  apparatus.  The  biological  materials  being  studied  are:  blood, 
plasma,  cerebrospinal  fluid,  bone  marrow,  urine,  gastric  juice,  brain,  liver,  skin, 
heart,  lung,  kidney,  stomach,  muscle  blocks,  fatty  tissue  and  tumor  tissue.  The 
biological  specimens  are  obtained  from  animals  and  humans.  Supporting  measure¬ 
ments  are  made  to  insure  the  proper  biological  condition  of  the  specimens;  micro¬ 
scopic  examinations  and  biochemical  tests  are  performed  and  water  and  lipid  contents 
determined. 

The  following  sections  of  the  report  summarize  1)  electrical  conductivity 
studies,  2)  thermal  conductivity  studies,  3)  cryogenic  experiments,  and  4)  studies 
to  be  conducted  during  the  next  year. 
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II.  ELECTRICAL  CONDUCTIVITIES 


A.  Blood 

Present  efforts  in  blood  plasma  conductivity  research  are  being  directed  toward 
the  establishment  of  a  correlation  between  plasma  conductivity  and  hemolysis  (gram  % 
hemoglobin).  As  described  in  the  previous  report^,  the  total  gram  percentage  of 
hemoglobin  in  the  plasma  is  measured  by  the  cyanmethemoglobin  technique.  A  lengthy 
series  of  conductivity  determinations  of  bovine  blood  plasma  containing  varying  amounts 
of  hemoglobin  was  made  between  26°  C  and  46’  C.  These  data  are  shown  in  Figure  1 
plotted  versus  temperature  with  gram  percentage  hemoglobin  content  as  the  parameter. 
A  more  useful  presentation  of  the  data  for  28°  C  may  be  seen  in  Figure  2  where  the  di¬ 
mensionless  conductivity  ratio  K/K^  is  plotted  against  hemolysis  values.  The  value 
Kq  denotes  the  basic  conductivity  of  the  plasma  with  no  hemoglobin  present  (before 
damage).  Knowing  electrical  conductivity  i ..  ues,  this  general  curve  can  then  be  used 
to  ascertain  the  blood  hemoglobin  content. 

Initially,  a  sample  of  normal,  fresh  heparinized  blood  was  centrifuged  to  obtain 
a  quantity  of  plasma,  and  another  portion  of  the  same  sample  was  frozen  and  thawed  to 
hemolyze  the  cells  and  free  the  hemoglobin.  Various  percentage  solutions  of  the  plasma 
and  the  hemoglobin  were  then  prepared.  Subsequently,  the  determination  of  the  hemo¬ 
globin  concentration  of  the  plasma  hemoglobin  mixtures,  and  the  measurement  of  their 
electrical  conductivities  was  carried  out. 

If  the  mixture  contains  1  gr  Hb/100  ml  of  solution  or  more,  its  hemoglobin  con¬ 
centration  was  measured  by  the  cyanmethemoglobin  technique,  in  which  a  reagent  con¬ 
taining  K3Fe(CN)g  and  KCN  completely  lyses  the  normal  erythrocytes  and  converts  all 
forms  of  hemoglobin  except  sulfhemoglobin  to  cyanmethemoglobin.  The  resulting  stable 
color  complex  is  related  to  the  amount  of  hemoglobin  present.  From  a  colorimeter  ca¬ 
libration  curve  of  the  optic  density  of  cyanmethemoglobin  versus  the  equivalent  gr  Hb/lOC 
ml,  one  can  determine  to  within  1  3%  the  hemoglobin  concentration  of  any  sample  con¬ 
taining  1  gr/100  ml  or  more.  If  a  sample  contains  less  than  this  amount,  its  concentra¬ 
tion  is  measured  by  the  orthotolidine  technique.  The  latter  method  is  based  on  the  fact 

that  Hb  has  a  peroxidase  property  and  will  catalytically  decompose  H  O  with  the  libera- 

2  2 

tion  of  02.  The  free  oxygen  results  in  the  oxidation  of  the  dye  orthotolidine  to  a  blue 
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Figure  1.  Elect 
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Figure  2.  Dimensionless  conductivity  versus  gram  percentage  hemoglobin  content 
in  bovine  plasma. 
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color  derivative.  This  substance  is  more  dense  than  is  cyanmethemoglobin,  thus,  the 
orthotolidine  technique  is  much  more  sensitive  than  cyanmethemoglobin  in  the  0-1  gram/ 
100  ml  range. 

Electrical  resistance  is  measured  with  a  Wheatstone  bridge  apparatus.  The 
resistivity  (p),  is  the  resistance  of  a  sample  one  cubic  centimeter  in  size,  and  is  related 
to  resistance  (R)  by  the  equation: 


o 

where  1  is  the  length  of  the  sample  and  A  is  the  cross-sectional  area.  When  the  material 
has  the  same  area  along  its  entire  length,  the  above  formula  reduces  to 


R  = 


_1_ 

KA 


<*> 


/here  conductivity  is  defined  as  the  reciprocal  of  resistivity.  In  the  case  of  a  liquid  con- 
luctor  in  a  conductivity  cell,  the  dimensions  of  the  sample  depend  upon  the  geometry  of 
he  portion  of  the  cell  between  the  electrodes.  For  any  particular  conductivity  cell,  this 
s  a  measurable  constant,  and  p  can  thus  be  calculated  from  Equation  (2). 

The  first  experiments  were  done  with  bovine  blood.  The  electrical  conducti- 
ity  of  each  of  the  plasma  hemoglobin  dilutions  was  studied  as  a  function  of  the  tempera- 
are  (See  Figure  1).  It  is  of  interest  to  note,  1)  the  characteristic  non-linear  curve  of 
n  ionic  solution  between  the  ranges  of  25°C  and  46°C,  and  2)  the  decrease  in  conductivity 
'ith  increase  in  hemoglobin  concentration. 

Conductivity  values  at  28°C  were  plotted  against  their  respective  hemoglobin 

oncentrations .  The  eight  points  fell  in  a  well  defined  straight  line.  Similarly,  for  twelve 

amples  of  human  blood,  it  was  observed  that  for  any  individual  sample,  the  points  when 

lotted  in  this  manner  tend  to  fall  in  a  straight  line  to  about  12  gr  Hb/100  ml  solution. 

ieyond  this  point,  the  slope  decreases.  However,  plasma  conductivity  varied  between 
3  -1 

1.6  and  12.9  x  10  (ohm-cm)  among  the  persons  tested  (and  from  day  to  day  in  any  par- 
cular  individual).  Thus,  the  position  and  the  slope  of  the  points  was  different  for  each 
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sample  of  blood  measured.  Some  of  these  values  are  shown  in  Figured  .  Although  the 
assumption  that  no  hemoglobin  was  contained  in  the  plasma  is  not  entirely  correct,  a 
simple  experiment  showed  that  the  amount  of  residual  hemoglobin  was  less  than  the  error 
involved  in  the  cyanmethemoglobin  technique. 

In  an  attempt  to  find  a  more  generalized,  consistent,  and  useful  relation  than 
that  presented  in  Figure  3  ,  every  conductivity  value  obtained  by  the  above  method  wat.  di¬ 
vided  by  its  own  pure  plasma  conductivity  value  (Kq)  before  being  plotted.  The  K/K^  values 
in  Figure  4,  therefore,  pertain  only  to  that  sample.  When  plotted  against  hemoglobin  con¬ 
centration,  the  scatter  in  the  ratio  K/K  between  individual  samples  is  less  than  when  the 

o 

conductivities  are  plotted  alone.  The  values  fall  within  ±5%  of  a  mean  line,  with  the  excep 
tion  of  only  a  few  points. 

An  indication  of  the  effect  of  the  different  plasma  conductivities  on  the  conduc 

tivity  of  the  plasma/Hb  solutions  was  obtained  when  the  K  values  were  plotted  versus  the 

o 

conductivity  of  a  solution  with  10  gr  Hb/100  ml  (again  the  K„  and  the  K  values  are  a 

10  o 

set  for  each  sample).  Except  for  two  points,  a  straight  line  was  obtained.  Thus,  the 

plasma  values  from  all  the  human  series  were  averaged,  and  the  resulting  value  was 

used  as  a  common  K  for  all  the  remaining  data.  From  a  mean  value,  the  variation 

o 

amounted  to  approximately  ±  2.5%. 

These  preliminary  data  seem  to  indicate  that  if  other  variables  such  as  viscos¬ 
ity  were  included  and  the  experiments  were  extended  into  the  milligram  range,  a  useful 
clinical  blood  damage  criterion  may  evolve. 

B.  Other  Biological  Fluids 

The  electrical  conductivities  of  human  gastric  juices,  urine  and  bovine  aque¬ 
ous  and  vitreous  humours  were  determined.  These  data  are  compared  graphically  in 
Figure  5  with  representative  values  for  human  blood  plasma.  It  may  be  noted  that  with¬ 
in  the  accuracy  of  the  conductivity  bridge  (±  o.  10%),  values  for  the  aqueous  and  vitreous 
humours  were  identical.  In  view  of  the  great  difference  in  viscosities  (a  factor  of  15-20) 
between  the  two  latter  fluids,  it  may  be  assumed  that  the  vitreous  humour  possesses  a 
higher  compensating  ionic  concentration  than  the  aqueous  humour. 
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Figure  5.  A  summary  of  the  electrical  conductivities  of  several  biological  fluids. 
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The  conductivity  studies  to  date  have  shown  urine  to  be  the  most  highly  conduct¬ 
ing  biological  fluid. 

The  effects  of  temperature  on  the  electrical  conductivities  of  specific  biological 

fluids  have  been  measured.  A  summary  of  the  fluids  measured  to  date  may  also  be  seen  in 

Figure  5,  where  the  conductivity  is  presented  as  a  function  of  temperature.  As  yet,  no 

literature  values  for  gastric  juice  and  urine  have  been  found,  although  the  aqueous  and 

(2) 

vitreous  humour  values  closely  agree  with  what  is  given  in  Documents  Geigy  .  Aque¬ 
ous  and  vitreous  humour  do  not  seem  to  behave  as  strict  Newtonian  fluids  because  the 
difference  in  viscosity  between  them  shows  so  little  effect  on  the  conductivity. 

C.  Biological  Tissues 

Two  electrical  conductivity  cel  s  designed  expressly  for  the  measurement  of  tissue 
conductivities  were  constructed  (see  Figures  6  and  7).  The  cell  constants  of  the  two  instru¬ 
ments  are  100  cm  *  and  60  cm  *  respectively.  The  larger  device  was  designed  to  accept 
a  range  of  tubular  collimators  having  cell  constants  between  5  cm  1  and  200  cm  *.  The 
cells  have  been  designed  for  use  with  the  precision  conductivity  bridge  or  the  standard  po¬ 
tential-current  (4  electrode)  technique.  Using  both  methods,  data  can  be  obtained  to  evalu¬ 
ate  the  extent  of  possible  electrode  interface  resistance,  or  polarization  errors .  Both  pla¬ 
tinum  electrode  surfaces  in  contact  with  the  biological  tissues  are  platinized  to  reduce  pola¬ 
rization  errors. 

Exploratory  measurements  have  disclosed  considerably  lower  conductivities  for 

I 

liver  tissue  than  those  for  most  biological  fluids.  Other  measurements  for  tissue  conduc¬ 
tivities  found  in  the  literature  verify  the  lower  values  obtained. 

D.  Thawed  Whole  Blood  Preserved  With  PVP  Additive 

Frozen  blood  samples  received  from  the  Presbyterian  Medical  Center  in  San 
Francisco  are  frozen  and  thawed  in  accordance  with  the  Linde  process.  Blood  containing 
the  PVP  additive*  is  placed  in  a  special  Linde  metal  container  which  holds  approximately 
58  cc  of  blood.  The  blood  is  then  quickly  frozen  by  placing  the  metal  container  in  a  liquid 

♦Special  additive  composed  of  60  ml  ACDA,  437.5  gms  of  PVP  K30  (polyvinylpyrrolidone) 
and  sufficient  0.6  percent  NaCl  solution  to  make  a  total  of  1000  cc. 


Figure  7.  The  biological  tissues  conductivity  cell. 
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nitrogen  bath.  The  frozen  blood  remains  in  the  liquid  nitrogen  bath  until  it  is  to  be  used. 
Upon  request,  the  metal  container  holding  the  frozen  blood  is  placed  in  a  special  liquid 
nitrogen  Dewar  flask  which  is  flown  to  Geoscience  Ltd.  The  blood  remains  frozen  in  the 
Dewar  flask  for  four  to  five  days.  Upon  receiving  the  blood  sample,  the  blood  is  thawed; 
the  metal  container  is  immersed  rapidly  in  a  water  bath  of  40° C,  and  the  container  is 
gently  vibrated  at  a  rate  of  120  vibrations  per  minute.  The  blood  is  thawed  in  a  2-minute 
oeriod . 

The  resulting  electrical  conductivity  measurements  of  thawed  blood  containing  PVP 
from  the  Presbyterian  Medical  Center  are  shown  graphed  in  Figure  8  together  with  earlier 
measurements  of  unstressed  whole  blood  without  PVP  additive.  Note  that  the  shape  of  the 
conductivity  temperature  curve  between  the  two  samples  of  blood  are  markedly  different; 
also  the  magnitudes  of  the  two  values  differ  significantly  at  the  higher  temperature  levels. 

It  is  not  known  at  this  time  how  much  of  these  differences  are  attributable  to  the  presence 
of  the  PVP  additive.  Studies  to  investigate  this  factor  are  currently  in  progress. 
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Figure  8.  Comparisons  of  the  electrical  conductivities  of  blood  plasma 
obtained  from  whole  blood  frozen  with  PVP  and  normal  and  hemolyzed 
blood  plasma. 
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01.  THERMAL  CONDUCTIVITY 
A.  Biological  Fluids  and  Tissues 

The  apparatus  previously  used  for  measuring  the  thermal  conductivities  of 
biological  tissues  and  fluids^  was  modified  somewhat  before  the  current  data  were 
collected.  Changes  were  made  in  the  heating  circuit;  two  flat  electrical  heating  ele¬ 
ments  were  used  and  a  null  heat  meter  inserted  between  them  (see  Figuie  9  ).  The 
electric  powers  for  the  two  heaters  were  so  adjusted  that  the  heat  flow  through  the 
null  heat  meter  was  zero;  under  these  circumstances,  the  heat  generated  in  the  bottom 
heater  was  forced  to  flow  through  the  cell  containing  the  biological  specimens.  A  piece 
of  insulating  material  was  placed  between  the  top  heater  and  the  cooling  plate  to  keep 
the  current-voltage  requirement  of  the  top  heater  at  a  minimum.  Spacers  were  added 
to  the  plastic  insulation  around  the  cell  to  insure  correct  positioning  of  the  lower  heat¬ 
ing  element.  Because  of  the  small  difference  in  temperature  between  the  cell  and  the 
container  environment,  the  heat  loss  from  the  cell  ends  was  small.  The  thermal  con¬ 
ductivity  cell  itself  consists  of  two  highly  conducting  plates.  The  top  plate  of  the  cell 
was  constructed  with  the  heater  attached  to  it,  thus  eliminating  the  error  involved 
when  the  heater  was  not  correctly  positioned.  Removable  thermocouples  were  inserted 
in  holes  drilled  through  portions  of  the  plates  parallel  to  the  cell  surface.  The  top 
plate  of  the  cell  is  removable  so  that  the  cell  may  be  filled  with  biological  specimens. 

These  plates  are  spaced  a  short  distance  apart  to  maintain  a  large  width  to  thickness 
ratio  and  thus  insure  one-dimensional  heat  flow  through  the  cell . 

The  thermal  conductivity  apparatus  was  used  to  measure  the  conductivities  of 
unstressed  bovine  lung,  liver,  kidney,  brain,  and  aqueous  and  vitreous  humour,  and 
chicken  skin  Measurements  of  the  conductivity  of  distilled  water  were  made  periodi¬ 
cally  to  check  the  accuracy  of  the  system;  all  measurements  for  water  were  within  ±  3 % 
of  the  established  values. 

Two  other  biological  specimens  were  studied  during  this  period.  One  sample 
was  bovine  brain  (a  repeat  of  some  earlier  work)  and  the  other  was  bovine  bone  marrow. 

The  thermal  conductivity  of  bovine  brain  was  found  to  be  0.24  Btu/hr  ft°F  which  is  in  general 
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Figure  9.  Cross  sectional  view  of  thermal  conductivity  cell. 
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agreement  with  values  obtained  earlier,  specifically  0.28.  The  differences  between 
these  two  values  are  thought  to  exist  because  visual  differences  in  the  color  and 
texture  of  the  two  samples  of  brain  were  noted.  The  earlier  measurements  were 
made  on  specimens  from  a  larger  brain  making  it  possible  to  obtain  a  more  homoge¬ 
nous  sample  almost  totally  white  in  color. 

The  thermal  conductivity  of  bovine  bone  marrow  was  found  to  be  0. 127.  The 
marrow,  a  fatty  substance,  was  removed  from  the  bone  and  readily  pressed  into  the 
thermal  conductivity  cell.  Blood  interspaced  in  the  marrow  could  be  seen  to  collect 
in  tiny  droplets  on  the  surface  as  i-  v/as  forced  from  the  marrow.  The  surface  color 
became  pink.  The  density  of  the  marrow  was  measured  and  found  to  be  0.92  grams 
per  cc. 

As  a  result  of  some  of  the  thermal  conductivity  work,  it  is  felt  that  small 
differences  in  thermal  conductivity  of  a  given  biological  specimen  may  occur  as  a 
result  of  small  differences  in  '-hemical  or  physical  structure.  It  is  suggested  that  an 
additional  parameter  such  as  ne  density  might  be  useful  in  further  identifying  the  spe¬ 
cimen.  Consequently,  an  attempt  will  be  made  in  all  subsequent  thermal  and  electri¬ 
cal  conductivity  measurements  to  also  define  the  specimen  in  the  terms  of  its  density. 

The  thermal  conductivities  of  biological  specimens  studied  to  date  are  shown 
in  Table  1. 

B.  Thawed  Whole  Blood  Preserved  v/ith  PVP  Additive 

The  determination  of  thermal  conductivity  of  the  thawed  blood  with  PVP  was 
2 

found  to  be  0.231  Btu/hr  ft  °F  ft.  It  is  noted  that  thi3  value  is  significantly  less  than 
values  obtained  previously  in  this  program  for  whole  blood  without  PVP.  This  differ¬ 
ence,  however,  may  again  be  partially  or  mostly  attributable  to  the  PVP  additive.  At 
present  the  thermal  conductivity  of  the  PVP  additive  is  in  process  of  being  measured 
since  no  values  could  be  found  in  the  literature.  Preliminary  results  indicate  that  a 
large  portion  of  the  observed  change  is  due  to  the  additive.  After  the  final  informa¬ 
tion  is  available,  a  more  detailed  analysis  of  thermal  conductivities  of  a  mixture  of 
blood  and  PVP  will  be  made  so  that  better  interpretation  of  the  low  conductivity  value 
for  the  mixture  of  blood  and  PVP  can  be  assessed. 


Table  1. 


Thermal  conductivity  of 
unstressed  biological  fluids  and  tissues 
(75°F  <  t  <  100° F) 


Sample 

Thermal  Conductivity 
Btu/hr  ft°F 

Water 

0.350 

Beef  Vitreous  Humor 

0.343 

Beef  Aqueous  Humor 

0.334 

Plasma 

0.330 

Urine 

0.324 

Blood  (hematocrit  =  43%) 

0.306 

Beef  Muscle 

0.305 

Beef  Kidney 

0.303 

Beef  Brain 

0.287 

Beef  Liver 

0.282 

Gastric  Juice 

0.257 

Chicken  Skin 

0.206 

Beef  Lung 

0.  163 

Bone  Marrow 


0. 127 
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C .  Correlations 

Attempts  have  been  made  to  establish  a  correlation  between  the  thermal  conduc- 

(3) 

tivities  of  biological  materials  and  another  of  their  physical  properties.  Spells'  has 
proposed  that  a  correlation  exists  between  water  content  and  thermal  conductivity. 

For  the  materials  which  he  included  in  his  study,  the  correlation  seemed  to  hold  for 
samples  with  a  water  content  of  50%  or  higher.  When  several  additional  biological 
materials  were  examined  in  the  current  study,  however,  and  their  thermal  conductivities 
were  plotted  versus  water  content,  the  linear  correlation  was  no  longer  found  to  hold. 

The  most  notable  deviations  occur  for  gastric  juice,  chicken  skin  and  bovine  lungsamples 

with  water  contents  greater  than  70%  (see  Figure  10).  Table  2  lists  the  values 
appearing  in  Figure  10  and  the  sources  from  which  these  values  were  obtained. 

Thus  the  water  content  correlation  does  not  appear  to  be  valid  in  a  general  sense. 

It  is  nevertheless  a  useful  guide  for  estimating  the  thermal  conductivity  of  biological 
materials.  Further  indication  that  the  water  content  correlation  is  not  an  adequate 
one  can  be  seen  in  an  examination  of  the  values  obtained  for  aqueous  and  vitreous 
humours.  The  water  content  of  these  two  samples  varies  by  0.01%  and  yet  the  ther¬ 
mal  conductivity  varies  by  3%.  Although  these  results  are  from  preliminary  data, 
the  difference  in  thermal  conductivity  seems  to  be  significant.  This  difference  most 
probably  is  due  to  the  difference  in  other  constituents  present  in  the  two  samples,  and 
thus  is  in  support  of  a  correlation  between  the  thermal  conductivity  of  the  whole  sample 
and  the  thermal  conductivity  of  the  individual  species  present. 

It  would  not  be  expected  that  a  water  content  correlation  would  be  general. 
Consider  the  case  of  lung  tissue.  In  this  specimen  there  exists  a  large  volume  of 
captured  gas.  Since  the  thern.al  conductivity  of  gases  is  considerably  smaller  than 
that  for  solids  and  liquids,  this  accumulation  of  gas  must  contribute  to  the  low  value 
of  thermal  conductivity  obtained  for  lung  tissue.  It  thus  supports  the  idea  that  not  only 
water  content,  but  the  content  of  all  major  species  is  important  in  correlating  thermal 
conductivity  values  of  various  samples. 

(4) 

Bridgsman  derived  a  simplifed  expression  which  relates  the  thermal  con- 


Table  2.  Water  Content  and 
Thermal  Conductivity  of  Biological  Samples 


ample  ^ 

experimental* 

%  Water  ^ 

Source 

for  %  Water  Content 

'ater 

0.350 

100.00 

— 

uman  Plasma* 

0.330 

91. 5(human) 

Spells** 

uman  Urine 

0.324 

97 . 0(human) 

Langley  &  Cheraskin 

uman  Blood* 

(hematocrit  =  43%) 

0.306 

78 . 5(human) 

Spells 

ovine  Muscle* 

0.305 

75. 0(human) 

Spells 

ovine  Kidney* 

0.Sp3 

81 . 0{rabbit) 

Spells 

ovine  Brain 

0.287 

90. 0(human) 

2 

Documents  Geigy 

ovine  Liver* 

0.282 

72. 0(rabbit) 

Spells 

jman  Gastric  Juice 

0.257 

99. 5(human) 

6 

Stuhlman 

licken  Skin 

0.206 

73 . 0(human) 

Documents  Geigy 

jvine  Lung 

0.  163 

78 . 0(human) 

Documents  Geigy 

>vine  Fat 

0.128 

20. 0(human) 

Spells 

ill  experimental  values  with  the  exception  of  bovine  fat  were  measured  at  Geoscience: 
2  bovine  fat  value  was  determined  by  Spells. 

t  was  not  possible  to  obtain  water  contents  for  the  exact  specimens  reported  in  the 
jrmal  conductivity  column.  Values  for  similar  types  of  specimens  are  presented  in 
s  column. 
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ductivity  to  the  velocity  of  sound  and  the  molecular  spacing.  Therefore,  it  may  be 
possible  to  describe  the  thermal  conductivity  of  biological  materials  in  terms  of  the 
bulk  modulus  or  compressibility  and  the  density. 

Studies  of  thermal  conductivity  expressions  which  relate  mean  or  overall 
thermal  conductivity  of  a  specimen  to  the  conductivities  of  the  individual  constituents 
have  been  conducted.  Specifically,  three  thermal  conductivity  models  are  being  examined 
and  tested.  One  model  presumes  that  the  species  are  positioned  in  laminae  parallel  to 
the  heat  flow,  the  second  one  presumes  that  the  laminae  are  positioned  normal  to  the 
heat  flow  and  the  third  one  presumes  a  uniform  mixture  of  discrete  groupings  of  the 
species  (Eucken  expression).  It  is  recalled  that  the  Eucken  expression  has  been  used 

previously  in  this  program  to  determine  the  thermal  conductivity  of  the  erythrocytes 
from  total  whole  blood  and  plasma  conductivity  measurements  (knowing  the  hemato¬ 
crit  value).  Further  tests  of  the  three  models  are  in  progress  on  simple  mixtures. 
Specifically,  the  conductivities  of  water  and  alcohol  mixtures  as  well  as  water  and 
graphite  mixtures  have  been  predicted  by  the  three  methods  and  the  results  compared 
to  available  experimental  information.  One  such  comparison  is  shown  in  Figure  11 
for  ethyl  alcohol  and  water  mixtures.  It  is  seen  that  the  values  determined  from  the 
Eucken  expression  are  in  good  agreement  with  the  experimental  values.  The  model 
which  postulates  laminae  which  are  parallel  to  the  direction  of  heat  flow  yields  values 
slightly  above  the  experimental  values,  whereas,  the  model  which  postulates  laminae 
which  are  perpendicular  to  the  direction  of  heat  flow  (series  model)  yields  values  which 
are  significantly  below  the  experimental  values.  It  is  felt  that  the  establishment  of  a 
realistic  thermal  conductivity  model  will  be  valuable  not  only  for  use  in  the  correlation 
of  the  property  measurements  being  made  but  also  for  the  prediction  of  conductivities 
of  specimens  not  yet  studied. 


water 
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IV.  CRYOGENIC  EXPERIMENTS 

Studies  are  now  in  progress  to  determine  the  effect  of  physical  stresses  on 
the  thermal  and  electrical  conductivity  of  biological  samples.  Freezing  and  thawing 
experiments  are  being  conducted.  Preliminary  results  for  bovine  liver  show  that  a 
measurable  change  in  thermal  conductivity  (from  0.282  to  0.305  Btu/hr  ft°F)  occurs 
when  the  sample  has  been  frozen  in  liquid  nitrogen  and  thawed  quickly  by  immersion  in 
warm  water.  When  a  sample  was  frozen  slowly  to  20°F,  stored  for  two  days,  and  then 
allowed  to  thaw  slowly  at  room  temperature  a  smaller  change  in  conductivity  was  found 
than  had  been  obtained  for  rapid  freezing.  However,  these  results  are  only  based  on 
one  sample  each  and  further  data  must  be  obtained  before  definite  conclusions  can  be 
drawn. 

A  survey  of  the  cryobiology  literature  has  been  conducted,  (see  attached  biblio¬ 
graphy)  and  three  preliminary  experiments  were  conducted  as  qualitative  verification 
of  some  published  information.  Cowley,  Timson,  and  Sawdye  (see  bibliography)  re¬ 
ported  that  "the  application  of  a  thin  layer  of  a  thermally  insulating  material  to  con¬ 
tainers  were  immersed  in  a  cryogenic  fluid  such  as  liquid  nitrogen".  The  effect  of 
the  coating  was  stated  to  be  a  function  of  the  thermal  resistance  of  the  container  ma¬ 
terial  and  its  contents.  To  verify  this,  a  small  liquid  container  was  constructed  of 
two  4"  square  stainless  steel  plates,  1/16"  thick,  with  the  gap  between  them  being 
1/8  n.  A  Cu-constantan  thermocouple,  calibrated  at  liquid  nitrogen  temperatures,  was 
connected  to  a  transient  recorder  and  immersed  in  the  cell  contents.  Figure  12  shows 

the  resulting  curves  for  the  uncoated  cell  and  the  cell  when  coated  with  vacuum  grease; 
the  results  were  found  to  agree  with  the  findings  of  Cowley,  et  al. 

In  the  second  experiment,  glass  microhematocrit  capillary  tubes  and  19  gauge 
hypodermic  needles  were  filled  with  blood,  sealed  with  crito-seal  and  immersed  in 
liquid  nitrogen  until  boiling  had  ceased.  After  thawing  in  28 °C  water,  the  samples  were 
centrifuged,  and  the  degree  of  coloration  of  the  plasma  compared.  No  control  of  the 
cooling  or  warming  rates  was  attempted,  and  in  all  cases  the  blood  was  severely 
damaged  (up  to  80%  hemolysis). 


27 


Fi;aire  12.  Cryogenic  cool  in"  and  heatinr;  histories  of  blocd  and  water. 
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Next,  3  "  stainless  steel  capillaries  were  filled  with  blood,  sealed  with  crito- 
seal,  and  subjected  to  various  combinations  of  fast  and  slow  freezing  and  thawing. 
Freezing  and  thawing  rates  were  increased  by  agitating  the  tubes  in  the  liquid  nitrogen 
or  45° C  water  bath,  since  agitation  increases  the  rate  of  heat  transfer.  Although  all 
of  the  samples  were  again  severely  damaged,  fast  freezing  and  fast  thawing  proved  to 
be  the  best  combination  for  maximum  survival  of  blood  frozen  without  any  preservative 
Excellent  summaries  of  present  progress  of  cryogenic  studies  and  the  theories 
and  speculations  involved  can  be  found  in  Bibliographies  38  and  48. 
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V.  STUDIES  TO  BE  CONDUCTED  DURING  THE  NEXT  YEAR 

The  proposed  research  for  the  coming  year  may  be  divided  into  three 
areas:  1)  measurement  of  the  thermal  and  electrical  conductivities  of  additional 
unstressed  biological  specimens,  2)  continuing  study  of  the  aforesaid  physical  pro¬ 
perties  for  biological  specimens  that  have  been  exposed  to  cryogenic  conditions,  and 
3)  fundamental  studies  on  rapid  freezing  and  thawing  techniques  for  biological  speci¬ 
mens. 

A.  Thermal  And  Electrical  Conductivity  Measurements  Of  Unstressed  Biological 
Specimens 

In  order  to  be  able  to  interpret  changes  in  physical  properties  of  biological 
fluids  and  tissues  that  have  been  exposed  to  cryogenic  conditions,  it  is  necessary  to 
obtain  further  data  on  unstressed  specimens.  The  thermal  and  electrical  conductivi¬ 
ties  determined  will  be  compared  and  interpreted  with  the  aid  of  analytical  physical 
property  models  so  that  the  results  may  be  presented  in  the  most  general  form. 

B.  Thermal  And  Electrical  Conductivity  Measurements  of  Biological  Specimens 
Exposed  to  Cryogenic  Temperatures 

The  electrical  and  thermal  conductivities  of  specimens  that  have  been  stored 
at  cryogenic  temperatures  for  various  periods  of  time  will  be  de'oxvuned.  The  changes 
in  thermal  and  electrical  properties  determined  for  the  stressed  specimens  will  be 
presented  in  the  form  of  indices  which  will  be  a  measure  of  the  morphological  and 
biochemical  changes.  An  attempt  will  be  made  to  determine  the  effect  of  storage  time 
in  addition  to  freezing  and  thawing  times. 

C.  Fundamental  Studies  On  Rapid  Freezing  And  Thawing  Techniques 

Literature  searches  and  discussions  with  leading  authorities  in  the  area  of 
biological  material  damage  during  cryogenic  freezing  and  ensuing  thawing  indicate  an 
important  need  for  a  more  comprehensive  and  quantitative  understanding  of  these  pro¬ 
cesses.  A  number  of  freezing  and  thawing  experiments  are  proposed  which  it  is  felt 
will  define  the  more  important,  controlling  parameters. 

1.  Freezing  Methods.  It  is  thought  that  one  biological  damage  mechanism  in 
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cryogenic  freezing  is  the  freezing  rate  (the  low  rates  creating  more  cell  damage). 
Therefore,  ways  in  which  the  freezing  rate  can  be  enhanced  or  increased  will  be 
studied.  An  investigation  will  be  made  of  blood  cell  recovery  as  a  function  of  total 
freezing  times.  Another  experiment  would  consist  of  freezing  a  thick  cylinder  of 
blood  by  forced  ernvection  cryogenic  boiling  such  that  no  film  boiling  exists.  The 
freezing  rate  would  decrease  toward  the  center  of  the  cylinder.  Cell  recovery  rates 
would  be  measured  after  thawing  in  the  same  manner;  the  results  should  give  quan¬ 
titative  information  on  the  influence  of  freezing  and  thawing  rates  on  hemolysis. 

2.  Thawing  Methods.  In  the  opinion  of  workers  in  the  field  of  blood  preser¬ 
vation,  frozen  blood  cell  survival  is  also  dependent  upon  thawing  rates.  Qualitatively 
it  was  observed  that  the  shorter  the  time  required  for  thawing,  the  greater  the  cell 
survival  rate.  It  is  proposed  that  thawing  be  produced  by  a  resistance  heating 
method  in  which  high  frequency  electrical  currents  are  conducted  through  a  platinum 
cell  containing  frozen  blood  pellets  or  flakes.  When  the  blood  becomes  molten  in  any 
localized  region  of  the  cell,  the  conductivity  increases  by  a  few  orders  of  magnitude 
in  that  region.  Thus,  the  voltage  differential  across  the  region  decreases,  and  the 
volumetric  power  generation  decreases.  A  greater  voltage  then  appears  across  ad¬ 
jacent  unthawed  portions,  thereby , selectively  heating  in  a  uniform  fashion.  Total 
times  required  for  thawing  blood  samples  would  be  studied  as  a  function  of  percentage 
cell  survivals. 

In  addition  to  the  above  program,  two  papers  are  being  prepared  for  publica¬ 
tion  in  the  open  literature;  one  reports  thermal  conductivity  research  for  unstressed 
biological  materials  and  the  other  summarizes  the  corresponding  work  on  electrical 
conductivity. 
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